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ABSTRACT: Label-free detection, analysis and rapid tracking of nanoparticles is crucial for future 
ultrasensitive sensing applications, ranging from understanding of biological interactions to the 
study of size dependent classical-quantum transitions. Yet optical techniques to distinguish 
nanoparticles directly amongst their background remain challenging. Here we present amplified 
interferometric scattering microscopy (a-iSCAT) as a new all-optical method capable of detecting 
individual nanoparticles as small as 15 kDa proteins which is equivalent to half a GFP. By balancing 
scattering and reflection amplitudes the interference contrast of the nanoparticle signal is 
amplified one to two orders of magnitude. Beyond high sensitivity, a-iSCAT allows high-speed 
image acquisition exceeding several hundreds of frames-per-second. We showcase the 
performance of our approach by detecting single Streptavidin binding events and by tracking 
single Ferritin proteins at 400 frames-per-second with 12 nm localization precision over seconds. 
Moreover, due to its extremely simple experimental realisation, this advancement finally enables 
a cheap and routine implementation of label-free all-optical single nanoparticle detection 
platforms with sensitivity operating at the single protein level.  
 
KEYWORDS: interferometric scattering; balanced interference; label-free; single particle tracking; 
single-molecule detection; superresolution; iSCAT 
 
 
TOC Figure: Amplified interferometric scattering microscopy     
(a-iSCAT) enables label-free detection of individual nanoparticles 
as small as 15 kDa proteins or a 2 nm diameter gold sphere.  
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Over the past two decades single-particle localization microscopy has contributed enormously to our 
understanding of biological processes (1–6). All of these methods rely on the indirect detection of 
the species of interest by labelling it with either a fluorophore or large scattering particle. 
Fluorescence has the advantage of being an essentially background-free process, yet provides only a 
limited number of photons, limiting localisation precision, and suffers from fluorophore 
photobleaching and blinking events (3,7,8). Scattering based techniques, such as darkfield 
microscopy, are not limited by these constraints, labels however commonly exceed several tens of 
nanometres to be distinguishable from background scattering (2,5,9). Both approaches, however, 
require complicated labelling strategies and controls to ensure that the labels do not perturb the 
biological processes under study (10–12). Recently, two groups have demonstrated that 
interferometric scattering microscopy (iSCAT) (13,14) is able to detect and even track single proteins 
in a label free manner (15,16). These proof-of-concept experiments confirmed the potential of all-
optical detection methods but required microscopes incorporating confocal beam scanning and PID 
controlled laser systems, while the shallow protein contrast (10
-4
 -10
-3
) demanded expensive high 
dynamic range cameras with large full well capacities. This experimental complexity in combination 
with the low imaging frame rates achieved, has hampered their applicability to biological questions. 
Here we introduce amplified interferometric scattering microscopy (a-iSCAT) that surpasses the 
previously reported protein detection bandwidth by more than an order of magnitude by 
attenuating unwanted reference signals, pushing sensitivity and imaging speed to relevant biological 
conditions, while simultaneously relying on a drastically simplified optical setup. a-iSCAT allows 
direct observation of individual bio-particles: single proteins, extracellular vesicles, antigens, etc., 
with a sensitivity of 15 kDa, which is a third of a single GFP protein. Beyond protein detection in its 
current form a-iSCAT is capable of detecting clusters of a few hundreds of atoms thus enabling all-
optical studies on the transition between classical and quantum in metallic nanostructures (17). 
 
Results 
In brief, the sample, commonly contained in water on top of a glass coverslip, is wide-field 
illuminated by focusing the output of a laser diode onto the back-focal-plane of an oil immersion 
objective via a partially reflective metallic mask coated onto the centre of a glass window (Figure 1a, 
see Methods for fabrication details). Fractions of the illumination light are either reflected at the 
glass-water interface or scattered by particles within the illuminated area. Both the scattered and 
the reflected electric field components are collected by the objective and exit the back-focal-plane 
where they interact with the partially mirrored mask mounted in its proximity. The scattering from 
the sample is predominantly concentrated towards the critical angle and thus emerges from the 
back-focal-plane as a ring towards the edge of the objective, and is transmitted by the uncoated part 
of the mask (Figure 1b) (18). The electric field reflected from the glass-water interface, however, 
propagates collinear with the illumination beam and its amplitude is attenuated approximately 50 
times by the partially reflective mask in the centre of the window, rather than fully blocked as in 
dark-field microscopy (9). Importantly, contrary to darkfield microscopy both contributions remain 
phase-locked and maintain their propagation properties thus leading to interference when imaged 
onto a CMOS camera where they give rise to the a-iSCAT signal: 
	̵	 =   +  +  , 
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with I0 being the illumination intensity, r and s the normalised reflection and scattering amplitudes, θ 
the phase difference between r and s and α the attenuation amplitude defined as the reciprocal 
transmission amplitude. For very small particles one can neglect the pure scattering term with         

 ≫ s. The a-iSCAT signal is given by   cosθ	 and all background contributions are contained in 
the reflection term  

	 and we are hence able to define the signal-to-background ratio (SBR) as: 
SBR = α  cosθ, 
and the resulting a-iSCAT contrast as the SBR minus one which exhibits the same, linear, volume 
dependency as iSCAT but with an α-fold improvement in contrast (15). 
 
Figure 1, Concept and experimental implementation of amplified interferometric scattering 
microscopy (a-iSCAT). (a) The sample is widefield illuminated and light scattered from it is collected 
together with a phase-locked reflection from the glass-water interface. Only a small fraction is 
transmitted by a mask mounted in the proximity of the back-focal-plane, whereas the scattering 
passes mostly unattenuated. Both contributions are imaged onto a camera where interference takes 
place. (b) Widefield illumination is achieved by focusing the laser beam into the centre of the back-
focal plane of the microscope objective. Scattering from particles near the glass-water interface is 
predominantly radiated into the high refractive index material and is concentrated towards the 
critical angle. The combination of illumination and scattering properties leads to a separation of the 
respective electric fields in the back-focal plane of the microscope objective. The mask projection 
onto the back-focal plane is indicated as a dotted circle. 
 
We quantify the performance of a-iSCAT and its superior contrast by recording non-specific single-
protein binding events to a bare cover-glass for 53 to 440 kDa mass proteins. Representative images 
in Figure 2a show single proteins with contrast at the percent level (-1% to -6%). See Methods and 
Supplementary Information 1 for a-iSCAT image generation and Supplementary Videos 1 and 2 for 
non-specific IgG binding events and a control. Contrast histograms obtained from binding events 
recorded over 3 min reflect the predicted linear protein volume, or mass, dependency of the a-iSCAT 
signal, typically -1% per 100 kDa (Figure 2b, c).  
This experimentally obtained relationship allows us to estimate the detection limit of a-iSCAT from a 
control sample containing buffer only. Here, fluctuations are due to intrinsic experimental 
limitations and residual landing events are a result of possible contaminations. By monitoring the 
residual noise under these conditions we are able to determine the smallest detectable contrast as a 
function of frame averaging. The detection limit scales shot-noise like up to approximately 100 
frame averages, equivalent to 4 frames-per-second (FPS) at our current acquisition rate, when it 
reaches a sensitivity corresponding to a 15 kDa protein (Figure 2d). Averaging for longer periods 
does not significantly improve the signal, most likely due to the presence of low frequency vibrations 
or sample drift, thus resulting in a detection limit of 15 kDa, the equivalent of 20 basepairs, at 4 FPS. 
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 Figure 2, Sensitivity and detection limit of a-iSCAT. (a) a-iSCAT signals obtained for non-specific 
binding of a variety of single proteins to a cover-glass in comparison to a control with buffer only. To 
enhance clarity, we generated the images by dividing two consecutive frame averages of 400 frames 
each but remark that lower frame averages are possible (see Supplementary Information 1). Scale 
bar (identical for all) 2 µm. The contrast of IgG, BSA, Streptavidin and control is scaled by a factor of 
three for clarity. (b) Contrast histograms obtained by counting non-specific single-protein binding 
events for a total of three minutes per protein, the Ferritin occurrences are magnified by a factor of 
three. A contrast distribution function for neat buffer is shown for comparison (dashed line). (c) 
Mean contrast of the five proteins as a function of protein weight alongside a linear fit (dashed line), 
error bars at 1σ confidence interval. (d) Detection limit as a function of frame averaging (orange 
dots) in comparison to shot-noise-limited behaviour (dashed line). The acquisition rate for all 
experiments was 400 FPS. The dotted line and triangles show a comparison to the detection limit 
extracted from work performed with conventional iSCAT (15). 
 
Our detection modality is crucially dependent on being able to resolve small changes between 
successive frames on top of the background. To reveal non-specific protein binding as described 
previously it is sufficient to divide frame averages obtained before and after the event of interest. 
Tracking dynamic events over longer time-scales, such as protein membrane diffusion or the 
processive motion of molecular motors, requires a waiting time between the two averages to allow 
for the protein to move from its previous location. Without this waiting time the signal disappears in 
the division. Depending on the velocity of the process of interest long-term stability of the a-iSCAT, 
ideally over seconds, becomes a crucial parameter. 
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 Figure 3, High-speed tracking and long term stability of a-iSCAT. (a) a-iSCAT images of a single IgG 
protein binding non-specifically to a cover-glass surface at different time delays with respect to the 
landing event. The images are obtained by averaging 20 frames resulting in an effective imaging rate 
of 20 FPS and dividing them by an average taken before the landing event at t = -0.05 s. (b) Cross-
sections of the IgG signal shown in (a) emphasising the deteriorating signal-to-noise ratio with 
increasing frame average to background time delays. The respective cross sections have been offset 
for clarity. (c) Temporal evolution of an a-iSCAT signal obtained for a single IgG protein binding non-
specifically to the coverglass recorded at an effective imaging rate of 40 FPS (10 frame averages) 
computed with respect to a frame acquired at t = -6 s. (d) a-iSCAT image acquired within 2.5 ms 
(corresponding to 400 FPS) of a diffusing Ferritin protein (top) and Gaussian fit (bottom) computed 
with respect to a mean background acquired over 10 frames prior to the high speed tracking. The 
time delay with respect to the background is shown in the inset. (e) Trajectory of the same, single 
Ferritin protein, obtained analogous to (d), from Supplementary Video 3 by Gaussian fitting of each 
of the 2000 frames acquired. The total tracking time with respect to the background is indicated by 
the colour scale. Inset: Histogram of the lateral localisation precisions obtained for the Gaussian fits 
for the first (orange), second (green) and third (blue) part of the trajectory, with mean precision 
(&'(+')) of 12 nm demonstrate essentially shot-noise limited localisation over the full observation 
period. (f) As (e) but for a Ferritin protein exhibiting a different diffusion behaviour on the glass 
surface. 
 
Due to its extremely minimalistic implementation (Figure 1a) a-iSCAT fulfils this stability requirement 
and is able to detect and follow single IgG binding events over an extended period of time without 
reacquiring a background frame (Figure 3a).  
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The image remains mostly unchanged and only for frames acquired more than 6 s after the original 
background measurement does sample drift-induced noise deteriorate the image quality as well as 
the signal point-spread-function (Figure 3a, b). Throughout the observation window the achievable 
localisation precision decreases from initially 10.4 nm to 17.8 nm after 19 s. Notably, it is possible to 
resolve and monitor the immobilisation of single IgG proteins on a cover-glass at 40 FPS over the 
course of 25 s with only minor changes in a-iSCAT contrast (Figure 3c). 
Beyond the detection of static events with 15 kDa sensitivity limit, a-iSCAT microscopy is well suited 
for monitoring dynamic biological processes. We therefore conclude with a proof-of-concept 
experiment mimicking rapid diffusion of a membrane protein. Contrary to the complete 
immobilisation of IgG, Ferritin only transiently binds to the cover-glass surface and we are therefore 
able to follow its motion on the substrate. Here we track a single Ferritin at 400 FPS over 5s without 
re-acquiring a new background with essentially shot-noise-limited sensitivity (Figure 3d and 
Supplementary Video 3), and with the observation period only being limited by the unbinding of the 
protein. Analogous to fluorescence localization microscopy it is possible to determine the precise 
position of the protein by Gaussian fitting (Figure 3d) (19).  
The reconstructed protein trajectory reveals areas of almost fully confined motion reminiscent of 
trapping events that are interconnected by very fast diffusion, most likely due to complete 
unbinding of the protein from the glass surface (Figure 3e) (20). We achieve a mean lateral 
localization precision of 12 nm (21) (Figure 3e, inset) and remark that the mean protein a-iSCAT 
contrast of -4.04% is in very good agreement with the value expected for the mass of Ferritin (Figure 
2c). For some of the Ferritin proteins we observe Brownian motion like diffusion with comparable 
localization precision and contrast values an example of which is shown in Figure 3f and 
Supplementary Video 4. 
Discussion 
By combining the concept of small signal amplification by phase-locked interference detection with a 
carefully balanced reference field we are able to dramatically increase the sensitivity of current 
detection schemes, thereby drastically reducing cost and experimental complexity. We have 
demonstrated that a-iSCAT microscopy is well suited for studying dynamic events of medium sized 
proteins at video-rate and faster. This advancement will finally enable the direct label free study of 
protein-protein interactions at the single particle level, thus removing any uncertainty regarding 
whether the presence and attachment of fluorescent or scattering labels interferes with normal 
biological functions. Additionally, the absolute mass sensitivity allows the direct monitoring of 
assembly processes of, for example, protein complexes such as actin filaments or DNA double 
helices. To address the full spectrum of biomolecules, especially in the increasingly relevant small 
protein level (22), we are actively working on extending the a-iSCAT sensitivity down to the sub-kDa 
level as well as creating an a-iSCAT implementation for commercially available microscopes  by 
relying on recently developed low-profile extensions (23). Due to its drastically reduced complexity, 
a-iSCAT has the potential to democratize the detection and analysis of nanoparticles by making cost 
efficient all-optical label-free sensors widely accessible. Even though our proof of concept 
experiments focused on proteins due to their precisely defined molecular weight the results 
obtained can be directly translated to biomarkers or metallic nanoparticles. For example, a-iSCAT is 
approximately five orders of magnitude more sensitive than the commercially available and widely 
used plasmonic detection platform relying on enzyme-linked immunosorbent assays (ELISA) thus 
enabling single biomarker detection and analysis for improved point-of-care diagnostics. We 
envision a considerable impact of our technique in the emerging field of extracellular vesicles such 
as exosomes as highly sensitive methods for quantitative size determination are highly sought after 
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but still lacking (24–28). Moreover a-iSCAT not only enables a reliable size determination of 
extracellular vesicles by combining its intrinsic molecular weight dependence with the possibility to 
determine the particle radius by nanoparticle tracking analysis but, additionally, will allow for the 
study of such vesicles on a single particle level (29). Our detection limit is a single 15 kDa protein 
exhibiting a signal equivalent to that of a 1.6 nm diameter gold sphere (16,30). With such sensitivity 
the a-iSCAT approach is a promising alternative to directly access the regime where quantum size 
effects govern the electromagnetic response of plasmonic structures by taking advantage of Fourier 
transform spectroscopy to determine the size dependent scattering spectrum of the observed 
particle (17,31,32). 
 
 
Methods 
Fabrication of the a-iSCAT mask. One-inch vinyl stickers with elliptical holes of 1.41 mm x 2 mm 
(aspect ratio 1:1 at 45° illumination angle) cut into their centre are attached to 5 mm thick anti-
reflection coated (A-coated) BK7 windows (Thorlabs WG11050-A) to act as an evaporation mask. 
Metal (5 nm of Titanium at a rate of 0.1 nm per second followed by 160 nm of Gold at a rate of 0.2 
nm per second) is then deposited onto the windows using a Lesker LAB18 evaporator. The thickness 
corresponds to an approximate transmission of 3x10
-4
 at 520 nm. Upon removal of the vinyl sticker 
the a-iSCAT mask is directly used in the microscope. The transmission properties for masks 
fabricated from different metals or at different thicknesses/illumination wavelengths are easily 
computed from the material's complex dielectric constant, such as found in the refractiveidex.info 
database. 
Optical implementation. The linearly polarised output of a Roithner Lasertechnik NLD521000G 520 
nm laser diode amplitude modulated at 10 MHz is focused onto a 50 µm pinhole and the emerging 
light re-collimated by a 30 mm focal length lens. A 300 mm focal length lens focuses the beam onto 
the back focal plane of a home-built inverted microscope, equipped with an Olympus APON 
60XOTIRF objective (NA=1.49, similar results are obtained with a Olympus 100XUPLSAPO; NA=1.4), 
by reflecting off the a-iSCAT mask described above. The signal emerging from the objective is 
transmitted through the a-iSCAT mask and focused onto a Point Grey CMOS camera by means of a 
400 mm focal length lens positioned one tube length away from the back focal plane of the 
microscope objective (Grasshopper3 2.3 MP Mono USB3 Vision: 400 FPS, 256x256 pixel field of view 
at a resolution of 43 nm/pixel resulting in an approximate field of view of 11x11 µm, digital 2x2 pixel 
binning is applied in all experiments). The illumination intensity is adjusted to be 33 kW/cm
2
 at the 
image plane. XY-translation of the sample is achieved with a manual translation stage (OptoSigma), 
Z-translation adjustment of the focus by means of a manual focusing block (PRIOR Scientific, FB201 
Focus Block). No active stabilisation is present. 
Data processing and analysis. To generate the a-iSCAT images we average over a given number of 
raw images acquired at 400 FPS to generate a background image followed by an image containing 
the signal of interest. The latter is then divided by the former in order to obtain the differential 
contrast a-iSCAT image. Unless stated otherwise, directly adjacent frame averages are divided (e.g. 
the average of frames 10-19 divided by the average of frames 0-9). Here, we do not report any 
images obtained by dividing averages with partially overlapping frames to avoid incorrect contrast 
and noise estimates. All protein landing events presented in Figure 2 are identified by eye. To avoid 
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biased selection of a certain contrast level we randomise the data sets of all five proteins prior to 
analysis. Controls with pure buffer solutions are performed prior to all experiments. 
 
Non-specific single protein binding experiments. Fibrinogen (Human type I from human plasma), 
Ferritin (From equine spleen, type I), BSA, IgG (From mouse serum) and PBS buffer were purchased 
from Sigma Aldrich. ATTO647N-labeled Streptavidin was purchased from ATTO-TEC GmbH. Prior to 
each experiment we clean the cover-glass by sonication in acetone and milliQ (10 min each) 
followed by drying under a flow of nitrogen and 20 min of UV-Ozone cleaning (Bioforce ProCleaner-
Plus). Silicone isolators (Grace Bio-Labs) are placed on the freshly cleaned cover-glass, to form 
sample chambers, and filled with 40 µl of aqueous buffer (PBS for BSA, IgG, Ferritin and Fibrinogen) 
or milliQ water (Streptavidin). To verify that binding events originate from proteins we first monitor 
the signal level of neat solvent over the course of three minutes after which we add 2 µl of approx. 
100 pM protein solution, in its respective solvent, to the 40 µl of clean buffer/milliQ water and start 
detecting binding events. 
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